Introduction and background
Geologists have long suggested that the Phanerozoic record of marine reefs fluctuated considerably through time but exactly how strong these fluctuations were is still a matter of debate. The published graphs of several authors suggest moderate fluctuations in reef abundance over the Phanerozoic (James 1983; Copper 1988; James & Bourque 1992; Hallock 1997) , while other authors have depicted substantial variations, which increase with refinements of reef definitions (Wood 1993; Webb 1996; Kiessling et al. 1999 Kiessling et al. , 2000 Kiessling 2002) . Although there is more agreement on the timing of reef expansions and declines, the stratigraphic position and significance of reef booms are also poorly constrained. Resolving the issues of the temporal variability (= volatility) of reef growth and the position of reef booms and bursts is important for several reasons: First, identifying true peaks of reef growth can shed light on the global environmental conditions under which reefs tend to flourish. Second, the intensity of temporal fluctuations in reef abundance illuminates the sensitivity of reefs to extrinsic controls, be they environmental or biological. Third, insights can be gained into general processes of reef waxing and waning through time, because gradual increases and declines of reef abundance may suggest linear relationships between control and effect, whereas sharp peaks and drops could indicate non-linear relationships or even self-organization.
Two major problems hinder the detection of biologically meaningful patterns in reef production on geological time scales: Genuine variations in the preservation of sedimentary rocks and (economically driven) heterogeneities in exploration intensity (Kiessling 2005a (Kiessling , 2006 . Kiessling (2006) has tried to compensate for much of this bias and uncovered the probable pattern of changes in absolute reef abundance and volume through the Phanerozoic. His pattern of a maximum proliferation of reefs in the Silurian and Devonian and a steep decline thereafter, interrupted by short-term peaks, provides insights into absolute changes in reef production, but does not elucidate variations relative to changes in the fossil record. These relative changes, however, can be even more informative than absolute changes. Imagine for example, that reef abundance were determined merely (and linearly) by available shelf area and thus controlled by sea-level fluctuations and hypsography. Then we could use the reef record to trace ancient sea levels but a prefect correlation between reef abundance and sea level would make it unlikely that any additional factors are relevant. Differences between preserved reef abundance and overall sampling of the fossil record can reveal times when exFossil Record 11 (1) 2008 (1) , 7-18 / DOI 10.1002 museum fü r naturkunde der Humboldt-Universitä t zu Berlin pansions and collapses were due to other factors such as changes in paleoclimate or biological innovations.
These differences are the focus of this study. I compare a comprehensive database on Phanerozoic reefs (the PaleoReefs database) with another comprehensive database of marine invertebrate fossils (the Paleobiology Database) to find biologically meaningful departures in reef production relative to the overall fossil record.
Data and methods
This study utilizes two large databases: The PaleoReefs database (PARED) and the Paleobiology Database (PBDB). The structure and data inventory of both databases have either been discussed elsewhere (Kiessling & Flçgel 2002) or are available online (http://paleodb.org). In brief, PARED compiles geological and paleontological information of Phanerozoic reef complexes and the PBDB hosts taxonomic collection data of Phanerozoic protists, plants and animals. A reef in PARED is defined as a "laterally confined biogenic structure, developed by the growth or activity of sessile benthic organisms and exhibiting topographic relief and (inferred) rigidity" (Flçgel & Kiessling 2002a) . Although the information in both databases largely stems from the published literature, there are slightly different sampling strategies. In PARED virtually all data were collected by a single enterer (W. Kiessling) who tried to get all the available information on fossil reefs, irrespective of age and geographic setting, that is, no stratigraphic or geographic foci were a priori defined. The PBDB in contrast was compiled by a large suite of authorizers and enterers, with an often pronounced focus on particular time intervals. Although the time intervals that first suffered from less attention have later been filled with data to homogenize the time series, the sampling in PBDB probably represents a non-random fraction of the published literature. However, a random subset of the published literature (1%) was extracted from GeoRef and analyzed in a project within the PBDB. Every hundredth accession number was obtained from GeoRef, which contained as keywords at least one of the major marine invertebrate phyla (Mollusca, Brachiopoda, Cnidaria, etc.) . This 1% subset (downloaded in summer 2003 by Michael Foote) contains 1175 references, 517 of which report original taxonomic collection data in peer-reviewed publications. Roughly 60% of these references have been entered until now, with all geological periods being proportionally equally represented by references, that is, 60% of the useful references available for each period have been entered. Therefore, collection counts in the 1% project should best reflect actual paleontological sampling intensity in the Phanerozoic. However, the fairly low number of references on which the collection counts are based (316) implies that individual references may contribute strongly to the estimate of sampling intensity. In other words, sampling peaks could be erroneously inferred when a few references report many collections from individual time intervals. This risk is much lower for the reef record and the total marine invertebrate record, which are based on 2573 and 4803 references, respectively. An additional sampling curve was thus created, which counts references instead of collections for the 1% data.
Other potential biases relate to the distribution of environmental settings and the distribution of geographic scales of collections in the PBDB. Data in PARED usually represent shallow marine carbonate environments and have a uniform geographic scale (Kiessling 2005b) ; whereas a variety of marine environments is present in the marine invertebrate data and an individual collection in the PBDB may represent a hand sample, small collection, an individual outcrop or even a local area or basin. This would be a bias only if some time intervals bear unusual departures from the overall distributions. A cursory look at the data suggests that there are no extreme outliers, except perhaps for an unusual concentration of "hand sample" data in the Cretaceous of the 1% project.
The stratigraphic resolution in both databases is variable, ranging from single ammonite zones to epochs. I apply here PBDB's standard subdivision of the Phanerozoic, which separates 49 intervals of roughly equally duration (Table 1 ). All reef records and collections that could not confidently be assigned to one of these intervals were excluded from the analyses. The total counts of usable data as of 29 June 2007 are: 2972 reef sites, 40 417 marine invertebrate collections, and 2151 collections in the 1% project. These values represent between 84% and 89% of the total counts in each dataset.
The reef record was broken down further to provide biologically more meaningful patterns. I limited the partitioning to two further categories: The first subdivision considered only reefs dominated by metazoans and thus excluded microbial and algal reefs (metazoan reefs). The second subdivision was restricted to shallow-water reefs dominated by stony corals (tabulate, rugose or scleractinian corals) or hypercalcified sponges (archaeocyaths, stromatoporoids, chaetetids and pharetronids), which are not occurring in very high (> 45 degrees) paleolatitudes. The latter category is most similar to modern tropical coral reefs and therefore receives the most attention in the discussion. The discussion of ecological similarities between Paleozoic stromatoporoid-coral reefs and modern coral-algal reefs goes back and forth, usually focusing on the presence or absence of photosymbionts (Cowen 1988; Wood 1993) . Although there may be profound ecological differences among the coral-sponge reefs, a more refined definition would not permit a complete Phanerozoic time series to be created.
The analysis consists of three steps: I first describe the time series in terms of general pattern, autocorrelations, trends, position of peaks, and volatility. Trends are explored with correlation tests of abundance versus age. Volatility is assessed by the standard deviation of first differences. Although standard measures of volatility use proportional rather than absolute changes (Kiessling 2006) , this approach is not feasible here, because some reef time series include null values. However, the differences in scale need to be taken into account by calculating the standard deviation of first differences of normalized values (proportional differences from the mean). The volatility of an abundance value N is thus computed by:
In the second step, I apply statistical tests on the similarity of all curves to test the hypothesis that the reef record in PARED is actually related to the collection record in the PBDB. In the third step, I assess the standardized residuals (z-scores) of reef abundance regressed against the proxies of paleontological sampling. The standardization has the advantage of directly reporting values that can be used to assess the significance of outliers. I first use the raw counts because they are more intuitively understood, but the focus is on the pattern of first differences to circumvent the problem of autocorrelations. These sampling-standardized changes in reef abundance are then discussed in detail for coral-sponge reefs. All analyses were performed under R 2.5.1.
Sampling patterns
The time series of reef abundance ( Fig. 1) shows the same rugged pattern as in previous plots resolved to different time scales (Kiessling 2002 (Kiessling , 2006 . In spite of the volatile curves, there are significant lag one autocorrelations in the time series of metazoan reefs (r A ¼ 0.30, p ¼ 0.03) and tropical coral-sponge reefs (r A ¼ 0.37, p ¼ 0.008). Because these two curves are subsets of the "all reefs" curve, it comes as no surprise that they are strongly cross-correlated with the "all reefs" curve as well as with each other (Spearman-rank correlation, r S > 0.89). The peaks in the three time series usually overlap, which is especially true for the major peaks in the Wenlock-Pridoli (Silurian 2), Middle Devonian and Frasnian (Devonian 3 and 4), NorianRhaetian (Triassic 4), Callovian-Kimmeridgian (Jurassic 5), and Neogene (Cenozoic 5 and 6). The major differences among the curves are in the Cambro-Ordovician and the Carboniferous to Middle Triassic, when metazoan-dominated reefs were depleted relative to microbial and algal reefs. Another departure is between metazoan reefs and coral-sponge reefs for much of the Cretaceous, when rudists were important "reef " builders (see Gili et al. 1995 for discussion) . Although the Miocene represents a sampling peak in all time series, only the metazoan and coral-sponge reefs show significant Phanerozoic trends of better sampling in younger intervals (r S ¼ 0.41, p ¼ 0.004 and r S ¼ À0.32, p ¼ 0.027, respectively). The volatility of reef abundance increases with constraints: The "all reefs" time series has the lowest volatility (1.11) and coral-sponge reefs the largest (1.43).
The time series of collection counts shares several attributes with the reef abundance curves (Fig. 2) . Although sampling peaks are less pronounced, there are distinct peaks in Silurian 2, Devonian 3, Jurassic 5 and the Neogene (Cenozoic 5 and 6). Autocorrelations are low and not significant for the collection counts. A significant relationship between sampling and age is only evident for the 1% collections (r S ¼ À0.30, p ¼ 0.04). This is surprising considering the exponential decay of sedimentary rocks (Gregor 1985) and their outcrop area (Raup 1976) . For the "all collection" counts this poor match was somewhat expected because, as discussed under "data and methods", the PBDB has deliberately tried to achieve a uniform number of collections from different time bins, rather than just letting the data follow the available material. This is also evident from the low volatility of the curve (0.63). However, the also weak correlation with the 1% collection counts suggests that paleontological sampling follows the available rock record only weakly. The volatility of the 1% data (1.40) is similar to the coral-sponge reef data. Although the cross-correlation of first differences between the two sampling curves is significant (r S ¼ 0.43, p ¼ 0.002), visual inspection of Fig. 2 shows that sampling peaks do not always match. As already discussed under "data and methods" each of the two curves has its potential biases. Although the 1% curve may better reflect actual sampling intensity in Table 1 ).
The dashed line indicates all reefs and buildups recorded in the PaleoReefs database, and the other two lines are subsets of the dataset as described in the legend. Abbreviations of periods are: Cm -Cambrian; O -Ordovician; S -Silurian; D -Devonian; C -Carboniferous; P -Permian; Tr -Triassic; J -Jurassic; K -Cretaceous; Pg -Paleogene; N -Neogene. The PaleozoicMesozoic and Mesozoic-Cenozoic boundaries are marked by vertical lines.
museum-fossilrecord.wiley-vch.de the published literature than the total curve, some of the peaks in the former may be deceived by the unusually strong contribution of just a few references. This appears to be true in the Cretaceous (most prominently in the Albian, Cretaceous 4) when sampling peaks in the 1% curve coincide with sampling lows in the total curve. To identify the potentially most problematic intervals, I have computed the number of collections per reference and interval for the 1% data. On average 5.9 collections were reported per reference (median = 4.2) and the distribution is strongly right-skewed, which is expected when most references report only a few collections but a few references report many collections. The top three proportions are in Permian 4 (38.5 collection per reference), Jurassic 4 (13.1) and Cretaceous 4 (13.0). Counting references instead of collections probably reflects better the actual variations of sampling intensity (Fig. 3 ), but this approach is biased by low sample size. The reference curve has only a few distinct peaks in Devonian 3, Jurassic 5, Cretaceous 6 and the Neogene and a moderate volatility of 0.73.
Reef abundance versus sampling
There are significant cross-correlations between changes in reef abundance and changes in all individual proxies of sampling intensity (Table 2 ). This suggests that changes in reef abundance are partially controlled by changes in sampling intensity. Two general observations from the correlation tests are noteworthy: (1) the correlations are weakest for all reefs and strongest for metazoan reefs; (2) the 1% collection data give the highest correlation coefficients. The highest correlation was observed between the curves of metazoan reefs and 1% collections, where 40% of the variance in reef abundance is explained by changes sampling intensity. Because autocorrelations are usually low, I have also tested the correlations between raw data. These correlations show the same basic results as the first differences. None of the correlations indicate that the pattern of reef abundance is dominantly controlled by the pattern of sampling, which leaves the possibility of processes that are independent of sampling. However, the correlations need to be taken into account to identify sampling-standardized reef abundance curves. The logical next step is thus to look at differences between the sampling curves and the reef curves. A qualitative comparison can be done by visual inspection of the raw data (Fig. 4) , but a quantitative tests needs to analyze residuals of linear regressions. In addition to analyzing all sampling proxies separately, I have performed multiple regressions of reef abundances versus all possible combinations of sampling proxies to find the combination of variables with the greatest explanatory power. This "best match" was achieved for the combination of "1% collections" and "all collections" whose combined changes explain 50% of the variance in the changes of metazoan reef abundance (the "1% references" proxy is uncorrelated in the multiple regression analysis). The following sections discuss standardized residuals of reef abundance regressed against the best individual predictor (1% collections) and that best combination (= best match) of variables.
Although hampered by sometimes autocorrelated time series, the residuals of the raw data are more intuitively understandable are thus reported first. The plots (Fig. 5) are surprisingly uniform in their basic patterns. There is agreement among all plots that most of the Phanerozoic reef record is neither unusually rich nor unusually depleted when viewed against the overall sampling of the fossil record. There is also agreement that there were at least three significant reef peaks relative to sampling intensity: One in the Frasnian (Devo- Age ( (Fig. 1) against proxies of sampling intensity of Phanerozoic marine invertebrates (Figs 2, 3) . The dashed horizontal lines indicate the 95% individual prediction interval. Values outside this band represent significant outliers in the regression. The plot in the lower left refers to the data plotted in Fig. 4 . We can now see that only three positive spikes (Frasnian, Norian-Rhaetian, Early-Middle Miocene) and one negative spike (Albian) represent significant outliers. "Best match" refers to the combination of variables that showed the best fit in a multiple regression analysis (1% collections þ all collections in the PBDB).
nian 4), one in the Norian-Rhaetian (Triassic 4), and one in the Early to Middle Miocene (Cenozoic 5). It is further interesting that there were very few significant depressions in reef growth relative to sampling and that these depressions were either in the Cretaceous (Albian, Fig. 5 left column) or Ordovician (Caradoc, Fig. 5 right column) rather than in the aftermath of one of the big Phanerozoic mass extinctions, which are notorious for their poor or absent reef record (Flçgel & Kiessling 2002b) . Is the volatility of sampling-standardized reef building lower than in the raw data? To address this question, I have made the raw residual values positive by adding the absolute value of the minimum residual to all values. The volatilities, calculated according to equation (1), are indeed substantially lower for all standardized curves than for the raw curves. Surprisingly the curves, which originally showed the strongest fluctuations, are most affected: the volatility of the coral-sponge reef curve drops from 1.43 in the raw data to 0.47 or 0.56 (1% collections and best match, respectively) in the sampling-standardized curves, a reduction of some 65%. The volatilities in the other curves also drop considerably (30-40%). This suggests that the noisiness of the Phanerozoic reef record is partially attributed to heterogeneities in the overall fossil record.
The analysis of first differences allows the detection of unusual changes in reef abundance relative to changes in sampling. This approach takes care of the autocorrelations observed in some time series of reef abundance (see "sampling patterns") and is thus statistically more rigorous. The standardized residuals of the regressions (Fig. 6 ) indicate a more balanced pattern of significant rises and drops in reef abundance than the previous analysis. Three prominent increases of reef abundance relative to changes in sampling (Triassic 4, Jurassic 5, and Cenozoic 5) are mirrored by three or four substantial declines (Devonian 5, Jurassic 1, Cenozoic 6, and Jurassic 6 for the 1% collections). The pronounced negative excursions usually follow strong positive excursions. As in the analyses of raw data, the Big Five mass extinction events (Raup & Sepkoski 1982) are not pronounced in the sampling-standardized patterns of changes in reef abundance and there generally is a poor match between relative declines in reef abundance and the reported intensity of mass extinctions (Sepkoski 1996; Foote 2003) . Just two mass extinctions are matched by significant reef declines: the Frasnian-Famennian crisis and the Triassic-Jurassic mass extinction. Even the Permian-Triassic boundary exhibits only a very minor drop of reef abundance after controlling for sampling. This does not necessarily imply that all the apparent reef crises reported earlier (Flçgel & Kiessling 2002b ) are biased by incomplete sampling. Sampling and reef abundance may be affected by the same underlying processes such as sealevel change and plate tectonic regimes (Peters 2005 (Peters , 2006 .
Discussion of a sampling-standardized reef curve
A closer look at the residuals of the regressions between first differences is worthwhile because these graphs can be easily misread. In addition, the smaller (absolute z-scores of greater than 1) standardized residuals deserve at least some attention because they may hint to meaningful processes. Although all curves depicted in Figs 5 and 6 show some interesting features, I limit the discussion to just one curve: the residuals of changes in tropical coral-sponge reef abundance and changes in collection counts of the 1% project (lower left-hand graph in Fig. 6, Fig. 7) . I use tropical coralsponge reefs because they are the biologically most uniform subset of PARED, which can be traced across the entire Phanerozoic and because the stability of Holocene tropical coral reefs is a major concern in global change biology (Pandolfi et al. 2003; Bellwood et al. 2004; Montaggioni 2005; Pandolfi & Jackson 2006) . I compare changes of coral-sponge reefs with changes in the 1% collection data because these show the greatest individual cross-correlations among the proxies for sampling intensity. Although the "best match" combination of variables is even better correlated with reef abundance, it is just easier to discuss a single variable and the "all collections" data in the best match are unlikely to truly follow the quality of the fossil record.
Sampling-standardized changes in reef abundance are negligible for most of the Early Paleozoic. The late Early Cambrian reef crisis (Zhuravlev 1996 ) is seen but does not even reach a z-score of -1. The Ordovician rise in sampling was just followed by the same proportional rise in reefs and there is no effect of the end-Ordovician mass extinction. The first pronounced reef-decline is seen across the Silurian-Devonian boundary (Fig. 7, number 1) . This decline is characterized by both a substantial decline in reef numbers and a reduction in sampling. Although characterized as a minor reef crisis by Flçgel and Kiessling (2002) , there was concern that relative sea-level changes due to the Caledonian Orogeny (Ronov 1994 ) introduced a sampling bias (Kiessling 2002) . The Middle Devonian and Frasnian rise of reefs (Fig. 7, number 2) is the only example of a substantial reef boom lasting more than one temporal bin. A rise in sampling in the Middle Devonian is paralleled by an even stronger rise of reef abundance and the strong sampling drop in the Frasnian is matched by almost constant reef abundance values. The first significant sampling-standardized decline in the Famennian (Fig. 7, number 3 ) is due to a strong drop of reef abundance at stable sampling levels. Sea-level changes are thus unlikely to be directly responsible for this reef crisis. A nutrient-triggered crisis due to landplant evolution (Algeo & Scheckler 1998; Peterhånsel & Pratt 2001) would well explain why reefs were especially affected while the general extinction intensity was moderate (Foote 2001) . The Carboniferous and Per-mian periods exhibit modest fluctuations and even the end-Permian mass extinction did not result in a reef decline that could not be explained by changes in sampling (Fig. 7, number 4) . This is not to say that there was no reef crisis at the Permian-Triassic boundary.
The ecological crisis of reefs is well documented (Weidlich et al. 2003) and until recently no metazoan reefs were reported from the entire Early Triassic (Pruss et al. 2007) . In terms of the decline in reef abundance the Early Triassic drop is just too well matched by a similar drop in sampling to suspect biologically meaningful patterns from the abundance data alone. The first significant rise in sampling-standardized reef abundance is evident in the Norian-Rhaetian interval and was followed by an also significant drop in the Hettangian-Sinemurian (Fig. 7, numbers 5-6 ). This pattern suggests that both the Norian-Rhaetian reef expansion and the Early Jurassic collapse have causes that would not affect sampling levels. Changes in nutrient regimes are held responsible for the former (Flçgel 2002) and abrupt temperature rises for the latter (Marzoli et al. 2004; Kiessling & Aberhan 2007) . The significant Callovian-Kimmeridgian rise of reef abundance (Fig. 7 number 7) comes as a surprise, because both coral-sponge reefs and sampling increase substantially in this interval (Figs 1, 2) . The expansion of reefs, however, is proportionally much larger than the increase in sampling, so that the standardized residual is the second largest in the entire Phanerozoic. A suite of climatic, oceanographic and biological changes is currently discussed to explain the dramatic Late Jurassic (especially late Oxfordian-Kimmeridgian) reef boom (Leinfelder et al. 2002; Cecca et al. 2005 ). An explanation for the subsequent Tithonian decline (Fig. 7 , number 8) cannot be offered. Flçgel and Kiessling (2002) noted a third order reef decline but found the most dramatic collapse across the Jurassic-Cretaceous boundary, when the sampling standardized data show no deviation at all. The decline of coral reefs in the late Early Cretaceous and the Cenomanian spike (Fig. 7 , numbers 9-10) should be interpreted with care, because here the results vary most strongly among proxies of sampling intensity. The agreement in the Cenozoic, however, suggests that the Early Neogene reef expansion (Fig. 7,  number 11 ) is significant and a biological reality. This proliferation in spite of long-term global cooling (superimposing the mid-Miocene climatic optimum) can perhaps be explained by a relative increase in lownutrient habitat area, due to a reduction of equatorial upwelling (Perrin & Kiessling in press ). The dramatic drop in the Late Miocene to Pleistocene was not expected from the raw data, which suggest stability (Fig. 1) . A late Miocene-Pliocene reef reduction has been previously suggested (Veron 1995 ) but attributed to a loss of habitat area owing to glacio-eustatic regressions, which should affect all marine life. Further climatic cooling could be responsible but I should emphasize a potential bias in PARED here. The reef data for the Late Miocene and Pliocene are fairly complete, but Pleistocene reefs were only recently entered into PARED and sampling is still incomplete. There are, however, many Pleistocene records in the 1% collection data (51 of 187 in Cenozoic 6), which artificially raises sampling estimates relative to reef counts.
Implications
We have seen that a substantial part of the changes in reef abundance can be explained by changes in paleontological sampling. None of our available proxies for sampling is perfect, but the concordance of the results among the three proxies studied herein suggests that the data are sufficiently robust to reach solid conclusions.
Sampling itself is controlled by a variety of factors, among them geologic (weathering, burial, diagenesis, metamorphosis, subduction), geomorphologic and climatic (accessible outcrop area), socioeconomic, physical (ancient sea level, tectonics) and biological (changes in skeletal mineralogy, productivity). Only the latter two factors have some biological bearing: Sea level and hypsography control habitat area that is known to have a significant influence on both diversity and abundance of organisms in general and reefs in particular (Bellwood & Hughes 2001; Kiessling 2005a) . Sealevel changes and tectonic factors that lead to the formation and destruction of marine habitats are currently discussed as the "common cause" scenario, which would affect sampling regimes, biodiversity and ecosystems simultaneously (Peters 2005 (Peters , 2006 . Evolutionary or ecological changes influencing the durability of shells or productivity are also of major interest in paleobiology (Martin 1995 (Martin , 1996 Kershaw & Brunton 1999; Kidwell 2005) . These factors are sacrificed when departures between sampling and the fossil record of an ecosystem are analyzed. The parallel waxing and waning of paleontological sampling and preserved reef abundance may be real and causally related, thus not strictly representing a bias. However, with the standardization for sampling one can approach factors that are otherwise hidden.
What conclusions can be drawn from the residuals and are they in agreement with our current understanding of reef development? I think the most interesting aspect of my results is the observation of substantial reef declines often following substantial expansions 
(2)
(8)
(10)
Cm O S D C P Tr J K Pg N Figure 7 . Standardized residuals from the regression of changes in coral-sponge reef counts against changes in 1% collection counts. Same as lower left-hand graph in Fig. 6 , except that z-values of plus and minus 1 are marked by stippled lines and changes discussed in the text are numbered.
museum-fossilrecord.wiley-vch.de (Late Devonian, Triassic-Jurassic boundary, Late Jurassic, Neogene), which occur under very different environmental conditions. Although all individual reef booms and bursts can perhaps also be explained by specific environmental and biological changes (see previous section), the big picture suggests more general principles that might be driven by intrinsic dynamics rather than environmental change. This phenomenon, known as selforganized criticality, is a property of many dynamical systems that have a critical point as an attractor and are scale-invariant (Bak et al. 1987; Sol et al. 2002) . In ecology, self-criticality is often inferred for complex ecosystems (Sol et al. 2002) and has also been suggested for carbonate sedimentation (Drummond & Dugan 1999) . It would thus seem reasonable that complex carbonate ecosystems such as reefs should exhibit properties of self-organized criticality. If self-organization is actually present in Phanerozoic reef building (further tests are clearly required), then the paradigm of reefs as passive tracers of global change should be revisited.
Conclusions
The waxing and waning of Phanerozoic reefs is mostly in concord with the increase and decrease of paleontological sampling. Controlling for sampling greatly reduces the volatility in reef abundance and leaves only a few prominent intervals of reef expansion and subsequent decline. The standardization may overcompensate for bias because reef abundance and sampling can be causally related through large-scale variations of sea-level, oceanography or plate tectonic regimes. However, sampling standardization opens new opportunities for detecting signals in reef building that are not sampling-driven. The substantial fluctuations in sampling-standardized reef abundance thus demand specific attention. The typical pattern of substantial changes in reef abundance appears to be rapid expansions followed by collapse. If collapse is a consequence of expansion, then the focus of future research should be on the causes of extensive reef expansions such as those seen in the Middle Devonian-Frasnian, Late Triassic, Late Jurassic and early Neogene.
